Abstract-To validate the standardization of a laboratory protocol for measuring bioaccumulation, laboratory-derived tissue residues and biota-sediment accumulation factors (BSAFs) were compared with historical field data from nine sites in Ontario, Canada. As a result of temporal discontinuity between the field and the laboratory studies, a priori considerations, such as changes in site conditions or concentrations of contaminants in sediment, were necessary to assess whether to compare absolute or relative measures of bioaccumulation. For the majority of sites, BSAFs for field-collected and laboratory-exposed fish were within a factor of 2. Biotasediment accumulation factors for laboratory-exposed oligochaetes were typically greater than those for mussels caged in the field, by a factor of 2 to 9. Overall, the laboratory methods for all species generally overestimated the relative bioavailability of contaminants compared with field conditions by a factor of 1.1 to 9.2. Other than the great disparity observed for polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) between field and laboratory studies, on average the laboratory-derived BSAFs with Pimephales promelas and Lumbriculus variegatus overestimated those from field-collected fish and field-exposed mussels by factors of 1.6 and 3.6, respectively. The laboratory method reflects a potentially worst-case exposure scenario and provides an appropriately conservative estimate of bioaccumulation. Laboratory-based estimates can be comparable to bioaccumulation data from the field but may be confounded by species-specific differences in routes of exposure and bioaccumulation of certain compounds or other environmental and biological factors that should be considered in these comparisons. Environ. Toxicol. Chem. 2011;30:950-958. # 2011 SETAC 
INTRODUCTION
For many years, ecological risk assessment of contaminated sediments was based on three lines of evidence: sediment chemistry, toxicity testing, and benthic surveys. However, the assessment of the potential for bioaccumulation and/or biomagnification of contaminants has been identified as crucial to this process [1, 2] and is now an important and routine part of environmental assessments [3, 4] . Several approaches are available for determining the bioaccumulation of contaminants in biota, which includes field monitoring, laboratory tests, and the use of models. Each approach has both applications and limitations based on the stage of the risk assessment, the questions being addressed, and the level of certainty required.
The most direct and ecologically relevant approach to assessing bioaccumulation is to measure concentrations of contaminants in the tissue of organisms collected or exposed in the field [5] . Collection of young-of-the-year fish and sport fish has become an integral part of environmental monitoring programs, particularly within Ontario, Canada. However, the use of mobile and long-lived organisms may prove difficult for delineating zones of contamination or the effectiveness of remediation procedures. Sampling of benthic organisms, which provides a much clearer understanding of the bioavailability of contaminants and extent of contamination, is often limited by the workload constraints of obtaining sufficient tissue biomass for analytical measurements [5, 6] . Caging organisms, such as freshwater mussels, in the field is one approach to address this issue. Though providing a balance between experimental control and ecological relevance not offered with field collections or laboratory studies, in situ studies are still time-consuming, labor-intensive, and occasionally prone to vandalism, predation, or destruction [7, 8] .
Compared with field studies, laboratory methods offer more flexibility with timing and typically reduce workload and cost as well as seasonal and spatial variability [7] . They allow control of environmental conditions and standardization of exposure techniques and test species used. They also allow research questions such as differences between species, kinetics of uptake, and fate of emerging contaminants of concern to be addressed as well as the integration of additional assessment endpoints such as survival, growth, and reproduction. Because organisms cannot avoid contaminants in a bioassay system, laboratory methods represent what is potentially a worst-case exposure scenario. Laboratory methods cannot completely replace or replicate field exposures but are intended to support field methods and/or fill data gaps. Although laboratory or fieldbased bioaccumulation data are frequently generated and applied on a site-specific basis, the use of standard methods enables contaminated sites to be compared with each other on a scientifically defensible basis and accurately ranked with respect to priority of clean-up and effectiveness of remediation.
In addition to the standardization of methods and approaches for assessing bioaccumulation, the U.S. Environmental Protection Agency [7] has also identified field validation of laboratory methods as a need with respect to sediment quality assessment. The Ontario Ministry of the Environment (OMOE) has recently completed development and standardization of a laboratory protocol for measuring bioaccumulation of sediment-based contaminants in freshwater organisms. This included an assessment of the bioaccumulation potential among test species, in which bioaccumulation from a variety of field-contaminated sediments was measured in the juvenile fathead minnow Pimephales promelas, the oligochaete Lumbriculus variegatus, and the mayfly nymph Hexagenia spp. [9] . However, field validation of these laboratory methods is necessary if quantitative estimates of exposure are to be used with confidence in ecological risk assessments and in making regulatory decisions.
In the present study, we compared both laboratory-derived tissue residues in fish and invertebrates and biota-sediment accumulation factors (BSAFs) with available field data (i.e., young-of-the-year fish or caged mussels) from nine sites in Ontario, collected as part of ongoing OMOE monitoring programs. We discuss the extent to which these laboratory methods reflect environmental exposures as individual case studies and in a general context to illustrate how they may be used to corroborate field investigations.
MATERIALS AND METHODS

Laboratory and field bioaccumulation studies
Sediments used in laboratory bioaccumulation tests were collected by staff of the OMOE from a variety of locations throughout Ontario between May, 2007, and July, 2008. Sites were chosen based on OMOE knowledge, historical monitoring of contamination (sediment and biota), and access to the sites. The sites were also chosen to represent a range in the type and degree of contamination (Table 1 ) and physical properties of sediment (see Table 1 of Van Geest et al. [9] ).
All bioaccumulation tests were conducted between February and September, 2008, in the OMOE laboratory. Three test organisms (P. promelas, L. variegatus, and Hexagenia spp.) were exposed to sediment from each site for 28 d [based on [10, 11] ] under static conditions, with continual aeration of overlying water [12] [13] [14] . Tests for each sediment were conducted using three replicates; with approximately 5 g (wet wt) of biomass per replicate for analysis of organic contaminants. Tissue residues of specific contaminants of concern were measured in unpurged organisms, because we considered this to be more ecologically relevant. Samples of control organisms were also analyzed on day 0 (preexposure) and day 28 for contaminants of concern and lipid content. Further details regarding test organisms, site codes, sample preparation, bioaccumulation tests, and physicochemical analyses are given by Van Geest et al. [9] .
Field studies were conducted as part of independent investigations of the contaminated sites. This work occurred prior to the development and standardization of the new laboratory protocols for the OMOE and was the best available data for comparison of bioaccumulation between the laboratory and the field. The OMOE staff carried out the collection of sediment and fish and the caging of mussels in these field studies. Youngof-the-year fish were collected in late summer or early fall (August-October) and analyzed as individuals when possible (n ¼ 3-5 per site). Freshwater mussels (Elliptio complanata), collected from a reference location (Balsam Lake, Ontario), were caged in the field for 21 or 28 d. The field studies varied in terms of the number of mussels deployed and whether mussels were analyzed as individuals (n ¼ 3 per site) or a composite (n ¼ 1 per site) of individuals (n ¼ 4 or 10-12). All physicochemical analyses of samples from field and laboratory studies were conducted by the Laboratory Services Branch of the OMOE, following their current standard operating procedures at the time of sample submission (see Van Geest et al. [9] for reference to relevant analytical procedures).
Analysis of data
Unless otherwise specified, all data reported are the sum of total congeners for polychlorinated biphenyls (PCBs) and polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs). For PCBs, data are the sum of total congeners measured with the method, with congener values below reporting limits treated as zero. For PCDD/Fs, data are the sum of total congeners measured with the method (limits of detection for congeners were not an issue for sites of concern). Contaminants of concern were measured at trace levels or below detection limits in preexposure (day 0) organisms, so corrections were not made to the day-28 concentrations measured in the tissue of laboratoryexposed organisms.
Concentrations of contaminants in tissue were normalized to lipid because of differences in lipid content between species, both within and between field and laboratory organisms. Biotasediment accumulation factors are a ratio of the concentration of a contaminant in tissue compared with the sediment and represent a relative measure of bioaccumulation. These factors were calculated for each species-contaminant-sediment combination, using concentrations in the tissue and sediment that were normalized to lipid and organic carbon content, respectively. Comparisons between laboratory and field
Our conceptual approach to the comparison of field and laboratory assessments and validation of the laboratory bioaccumulation protocol is outlined in Figure 1 Table 1) .
The laboratory-and field-derived estimates of bioaccumulation of the contaminants of concern for each site were based on analyses of individuals or composites of individuals, providing a mean estimate when possible. However, these do not represent discrete samples but are really subsamples describing the variability within the laboratory exposure (to one sediment sample) or caged exposure (one cage of mussels per site). For these reasons and the fact that comparisons are made across different species for the most part in different environments, we believed that statistical comparisons between laboratory-and field-based tissue residues and BSAFs were not appropriate.
Because of the number of site-specific comparisons that were possible, three sites were chosen to be discussed in detail as case studies. The sites were chosen because bioaccumulation data were available for both fish and invertebrates and were more representative of the different scenarios and outcomes of the conceptual approach in Figure 1 . The two scenarios and three outcomes are as follows. If the concentrations of the contaminants of concern were similar (scenario 1) between sampling periods, direct comparison of tissue residues between field-and laboratory-exposed organisms was possible, and in some cases tissue residues were similar (outcome 1). When the concentrations in sediment were not similar between sampling periods (scenario 2), the relative measures of bioaccumulation (BSAFs) were compared between field and laboratory studies. BSAFs were similar (outcome 2) in a number of these comparisons. The other outcome (3) was no agreement in the tissue residues or BSAFs between field and laboratory, regardless of whether sediment concentrations were similar between sampling periods. Those sites not considered in the case studies are discussed in terms of the overall trends between the field and the laboratory and the general context of scenarios and outcomes.
RESULTS AND DISCUSSION
Case study 1
The first site-specific example of a comparison between field and laboratory assessments of bioaccumulation is for site BC. This site was chosen because the organochlorine pesticide dichlorodiphenyltrichloroethane (DDT) and its metabolites dichlorodiphenyldichloroethane (DDD) and dichlorodiphenyldichloroethylene (DDE) were the contaminants of concern. Only DDD and DDE (p,p-form) are discussed, because these metabolites were detected in all field-and laboratory-exposed organisms. On a dry weight basis, the concentrations of these contaminants in the sediment were greater in the 2008 than in the 2004 samples ($2 and 1.2 times greater for DDD and DDE, respectively; Table 1 ). However, when normalized to organic carbon, the concentrations of DDD were the same between sampling periods (scenario 1), whereas DDE was approximately 1.7 times greater in the 2004 samples (partially scenario 2; Supplemental Data, Table S1 ). Concentrations of DDD in tissue were similar between field-and laboratoryexposed organisms (maximum difference 23%; Fig. 2A ), except in Hexagenia spp. nymphs, which accumulated significantly lower concentrations of DDD than the other laboratory-exposed organisms (also for site CC [9] ). As a result of the similar concentrations in tissue and sediment, the BSAFs for DDD were also similar (within 25%; Fig. 2B ) between the field and laboratory (except for Hexagenia spp.). Differences in the tissue concentrations of DDE were observed between field-and laboratory-exposed organisms, even between species with a similar type of exposure (highest in field-collected fish, lowest in mussels; Fig. 2A ). The BSAF for DDE in field-collected fathead minnows (P. promelas) was 1.4 times higher than for fathead minnows exposed in the laboratory, thus partially accounting for potential differences in exposure. However, BSAFs for the laboratory-exposed invertebrates were two times higher than the BSAF for mussels. The BSAFs for the fish were approximately 4 to 5.5 times higher than for the field or laboratory invertebrate species. This case study demonstrates that laboratory methods can reflect bioaccumulation occurring under field conditions (outcome 1 with DDD, outcome 2 with DDE for fish) but that species-specific differences in bioaccumulation may exist and can vary between compounds. surrounding area. This demonstrates the potential for heterogeneity in contaminant distribution within a site. Variable flow conditions occurring at this site have the potential to form distinct depositional areas, resulting in this heterogeneity. In terms of bioaccumulation of PCBs from UC sediment, tissue concentrations were 7 to 14 times greater in laboratory-exposed organisms than those from the field (Fig. 2C) , resulting from a tenfold difference in sediment concentrations (scenario 2). However, BSAFs for field-and laboratory-exposed organisms were within a similar range (BSAF ¼ 1.4-1.9; Fig. 2C ), except for creek chub, in which bioaccumulation was slightly lower compared with the other organisms (BSAF ¼ 0.9). Overall, this suggests that the relative bioavailability of the PCBs was similar between field and laboratory exposures (outcome 2). However, even the field data demonstrate that differences in bioaccumulation between fish species may exist.
Case study 3
Polychlorinated biphenyls were also the contaminants of concern at site SC. This site was unique in the present study in that it had undergone extensive remediation involving excavation of sediment within the last few years. Between 2006 and 2007, a tenfold reduction occurred in the concentration of PCBs in the sediment that was sampled (Table 1 ; scenario 2). This difference in potential for exposure resulted in tissue concentrations of PCBs that were two to five times higher in fieldcollected or field-exposed organisms (2006) than in organisms exposed in the laboratory to the postremediation (2007) sediment (Fig. 2D) . As a result of these relative differences being inconsistent, BSAFs were two times higher in laboratoryexposed fish and five times higher in laboratory-exposed invertebrates (Fig. 2D ). This contrasts with equilibrium-partitioning theory, which assumes that BSAFs are independent of the concentration of the contaminant in the sediment [16, 17] . A threshold may exist for the concentration of contaminants that can be accumulated, which could explain why the historic, field BSAFs are not as high as the more recent, laboratory BSAFs. Decreasing BSAFs with increasing concentrations of contaminants in sediment have been observed in field investigations of the bioaccumulation of PAHs [18] and PCDD/Fs [19] in benthic invertebrates, which was partially attributed to black carbon in the sediments. These differences in tissue residues and BSAFs between the field and the laboratory in the present study cannot be attributed to a change in the source of contamination because the profile pattern (% contribution) of PCB congeners remained fairly similar within sediment and between field and laboratory organisms (data shown as PCB homologues in Supplemental Data, Fig. S1 ). Again, evidence of species-specific differences in the degree of bioaccumulation exists, but only in the laboratory organisms with the lower exposure concentrations. The high BSAFs of the laboratory-exposed invertebrates suggests that, despite the remediation efforts, the relative bioavailability of PCBs remaining at this site is still high. This example demonstrates a case in which, despite a major change in the concentration, but not the source, of contaminant in the sediment between sampling periods, a lack of agreement was noted in even relative measures of bioaccumulation (BSAFs) between the field and the laboratory (outcome 3). Table S1 , for n).
Field 30, 2011 Bioaccumulation comparison between field and laboratory fish
The comparison of bioaccumulation between field-collected and laboratory-exposed fish is summarized for the nine sites in Figure 3A . This plot shows the ratio of tissue and sediment concentrations and BSAFs between field and laboratory studies. Points above the line (1:1 relationship) indicate that values were higher in the 2007-2008 laboratory studies, and points below that values were higher in the field studies. Presentation of the data in this manner clearly illustrates how the lack of agreement in the concentration of contaminants of concern in the tissue between field and laboratory fish may be associated with differences in the concentration in sediments. Comparison of BSAFs accounted for these differences in exposure, and, for the majority of sites, field-and laboratory-derived BSAFs were typically within a factor of 2, despite the differences in time between the laboratory and the field studies.
For site K4, a 21-d laboratory exposure using fathead minnows [based on [12] ] was conducted soon after sampling in the field in 2002 and showed very good agreement for concentrations in tissue and BSAFs between laboratory and field (factor of AE1.2), despite the fact that field-collected fish were mostly considered yearlings instead of young of the year.
In 2008, young-of-the-year fish were collected at site K4 within two months of collection of the sediment that was used in the 28-d bioaccumulation test. Again, concentrations in tissue were comparable between the field-and the laboratory-exposed fish (field 1.3 times higher than laboratory). This represents the ideal situation for validation of laboratory methods, insofar as temporal and spatial discontinuity are eliminated. What is interesting to note is that the bioavailability of PCBs at this site appears to have been reduced over this time, because, although concentrations of PCBs have not declined in the sediment, tissue residues and BSAFs in both field and laboratory fish had declined by factors of approximately 2 and 6, respectively (Fig. 4 and Supplemental Data, Table S1 ).
In terms of the scenarios and outcomes in our approach to field and laboratory comparisons of the other sites, site CC fell under scenario 2 and was partially confounded by older sediment data (1995) and differences in sampling locations. However, BSAFs for DDD and DDE were only 1.3 to 2 times higher in the laboratory than field studies (outcome 2). Sites LSJ and LC fell under scenario 1 and site TC under scenario 2 in terms of comparability of sediment concentrations of PCBs. Concentrations in tissue were 1.6 times higher in laboratory-exposed fish than those from the field for sites LSJ and LC (outcome 1). The laboratory-derived BSAF for site TC was 1.3 times higher than that for the field (outcome 2).
The assessment of the bioaccumulation of polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) from site PC shows greater disparity between field and laboratory studies. In laboratory-exposed fish, concentrations of PCDD/Fs in tissue were approximately three times higher and BSAFs eight times higher than for fish in the field. This disparity between the studies may be attributed to a number of factors, particularly, the heterogeneity of sediment parameters and variable flow conditions within the site. Differences existed between the sediment sampled in 2005 vs. 2007 to 2008, in that the earlier sample had not only a much lower concentration of PCDD/Fs ($50% lower on a dry wt basis) but also a very low content of organic carbon (<1%; scenario 2). When expressed on an organic carbon basis, this has the potential to skew the relative difference in concentrations between sediments (Supplemental Data, Table S1 ). The very low content of organic carbon may Table S1 , for n). influence not only the partitioning and distribution of contaminants but also the biological productivity in the area and therefore the presence and exposure of fish. Sampling throughout the area in 2005 revealed that the composition of sediment and concentrations of PCDD/Fs were highly variable within even a small area (OMOE, unpublished data). This heterogeneity of sediment at site PC and the disparity between estimates of bioaccumulation may be influenced by flow conditions, which are highly variable on an annual and seasonal basis, such that, at any given time, it may alter what sections of the creek bed are submerged and the access of fish to different areas (S. Petro, unpublished, OMOE, Etobicoke, Ontario, Canada, 2009). The result was that measures of bioaccumulation were not comparable between these field and laboratory studies (outcome 3). Apart from this site, the laboratory estimates of either absolute (tissue residues) or relative (BSAF) bioaccumulation in fish showed very good agreement with field estimates despite major differences such as duration of exposure, dietary sources, and mobility of fish in the field. Overall, the BSAFs determined with P. promelas in the laboratory overestimate those for fish collected in the field, on average, by a factor of 1.6 (2.4 if data from site PC are included).
Bioaccumulation between field and laboratory invertebrates
The differences in bioaccumulation between field-and laboratory-exposed invertebrates was summarized in a similar manner by plotting the ratios of the different parameters relative to a line equal to a 1:1 relationship (Fig. 3B) . The ratios represent comparisons between laboratory-exposed oligochaetes (L. variegatus) and mussels (E. complanata) caged in the field. Fewer comparisons were made between invertebrates, because mussels were not caged at site K4, and the sediment from sites LC and TC was toxic to the other invertebrates when tested in the laboratory.
Unlike comparisons for the fish, the frequency and magnitude of differences between field-and laboratory-derived BSAFs were much greater for the invertebrates. For site CC, tissue residues of DDD and DDE were approximately two and five times higher, respectively, in L. variegatus than in the mussels, despite much smaller differences in concentrations between the sediment samples (partially scenario 2 for DDD and scenario 1 for DDE). This resulted in laboratory-derived BSAFs that were four to five times higher than field estimates (outcome 3). Lipid was not measured in the mussels caged at this site, so a lipid content of 0.8% was assumed based on typical values measured in the other field studies examined in the present study. Although the collection of young-of-the-year fish from site CC was more recent (2003), the sediment and mussel data presently available to the OMOE date back to 1995. This case reflects what is both an atypical and a less than ideal comparison of bioaccumulation over time. For site LSJ, tissue concentration of PCBs was 1.5 times higher in L. variegatus than field-exposed mussels (outcome 1). Bioaccumulation of PCDD/Fs from site PC sediment was much higher in L. variegatus than in the mussels (outcome 3), with tissue concentrations and BSAFs that were approximately four and nine times higher, respectively. Overall, laboratory-derived BSAFs for L. variegatus were either similar to those of fieldexposed mussels (20-25% difference) or then two to nine times higher. On average, the laboratory BSAFs overestimated those from the field by a factor of 3.6 (4.5 if data from site PC are included).
The potential for relative differences in exposure between these two invertebrates is much greater than for fish, because of the different feeding strategies and behavior of these organisms. Elliptio complanta are filter feeders and are exposed to contaminants via water and suspended sediment. Valve closure may also reduce exposure of mussels to contaminants. In contrast, L. variegatus actively burrow into and ingest sediment and are thus likely to have increased exposure to sedimentassociated contaminants. Comparison of bioaccumulation in species with different routes of exposure is not ideal, but the invertebrate data that were available. Collection of benthic invertebrates for tissue analysis is not a routine component of OMOE field studies. Regardless of this, often few or no invertebrates were observed in the collection areas during 2007 and 2008 (D. Poirier, personal observations) or in the sediment once processed in the laboratory (J. Van Geest, personal observations), which prevented any direct comparison between species that were more similar. Early attempts to expose field-collected mussels to sediments in the laboratory were unsuccessful because of the buildup of metabolic waste products (ammonia), so this species was not selected for the development of the laboratory methods. As previously suggested, species-specific differences in bioaccumulation may also exist and vary between contaminant and sediment, which can further complicate this type of laboratory and field comparison between different species.
Comparison: Laboratory and field methods
In the present study comparing bioaccumulation between the laboratory and the field, the laboratory methods described generally overestimated the bioavailability of contaminants compared with field conditions. That is, laboratory-derived BSAFs were often higher than the field estimates (Fig. 4) . Although higher BSAFs from laboratory studies provide a more conservative estimate of bioaccumulation, it is important to identify and understand the sources of uncertainty that limit translation of data between the laboratory and the field.
The best approach for the validation of laboratory methods is to collect sediment from the contaminated site with the fieldcollected or field-exposed organisms and test in the laboratory as soon as possible (as with site K4). However, in many site investigations and risk assessments, field samples are collected over time as analytical data become available and the focus narrows to zones of contamination or hot spots, and temporal discontinuity of sampling is not uncommon. This potential for temporal variability was a major source of uncertainty for comparing field and laboratory data in the present study. Although the sites considered are historically contaminated with relatively persistent contaminants, the potential for changes at the sites was still considered by comparing chemical concentrations and congener profiles to assess whether it was appropriate to compare data between studies and in what manner (absolute vs. relative measures of bioaccumulation). Despite the temporal differences between field-and laboratorybased estimates of bioaccumulation, good agreement was observed between these studies for fish. However, reducing the influence of this potentially confounding factor will better facilitate comparisons between the laboratory and the field.
One source of uncertainty that can be quantified is the biological variability associated with bioaccumulation. High variability within and between field and laboratory estimates of bioaccumulation can contribute to the disparity between the two types of studies. Coefficients of variation (CVs) for field-and laboratory-exposed organisms from the present study are shown in Figure 5 for the various sites and contaminants of concern.
Coefficients of variation of lipid-normalized residues in tissues of fish were typically less than 30%, which has been considered a reasonable level of biological variation in laboratory-based toxicity tests [20] . The exception to this was CVs for tissue residues of DDE in laboratory fish (53% for sites BC and CC) and PCBs in fish collected from sites K4 (2002; 37%) and TC (46%). Other than these incidents of higher CVs, the variability associated with the field and laboratory estimates in fish were fairly similar within each site. Slightly lower CVs were frequently observed in the laboratory studies (except sites BC/CC-DDE and K4 2008), likely as a result of the controlled conditions of rearing, testing, exposure time, and size of organism. Measurements of bioaccumulation in caged mussels at sites CC, UC, and PC were based on one composite of organisms, in which case the uncertainty associated with these estimates could not be quantified. This further limits our discussion of the factors contributing to the disparity in bioaccumulation between mussels and oligochaetes exposed to sediment from sites CC and PC. In the case of site SC, the CVs were very high for estimates of bioaccumulation in field and laboratory invertebrates (74 and 48%, respectively), which increases the uncertainty of the relative differences between these estimates. Although methods such as narrowing the size range of organisms used and normalizing concentrations of contaminants in tissue to lipid content can be used to minimize the variability associated with these estimates of bioaccumulation, biological variability often remains the greatest source of uncertainty, particularly in controlled studies.
Biota-sediment accumulation factors account for differences in exposure by comparing the bioaccumulation of a contaminant in an organism relative to the concentration in the sediment. The sources of uncertainty associated with this type of estimate include not only the biological variability but also the exposure concentration in the sediment. Sediment from field investigations is often collected with the caged mussels, and laboratory organisms are exposed in closed or semiclosed systems, allowing fairly precise estimates of exposure. Greater uncertainty is associated with field estimates of exposures for fish. Exposure is dependent on their mobility and the heterogeneity of contamination of the sediment within a site. Collection of young-of-the-year fish is somewhat opportunistic and limited to areas that are accessible by boat or for seining, and exposure of fish to contaminated sediment or food (i.e., benthos) may occur elsewhere in the system. Estimates of exposure could potentially be improved by integrating the range of sediment concentrations over the home range of the fish. This may be particularly important for those sites that have a heterogeneous distribution of sediment or lack features that restrict the movement of fish within the system. Although field-and laboratory-derived BSAFs for fish were generally in good agreement for many of the sites we compared, the uncertainty associated with the estimate of exposure in the field is another factor potentially contributing to the differences that we observed.
It is necessary to standardize the duration of exposure under laboratory conditions, but this cannot accurately represent the length of exposure of organisms collected from the field. A 28-d laboratory exposure has been suggested as a standard, because this typically results in tissue residues within 80% of steady state [10] . This test duration has been validated in a number of studies that found reasonable agreement between tissue residues of field-collected and laboratory-exposed organisms, including for most PCDD/F congeners [21] [22] [23] [24] [25] . This comparative approach assumes that organisms in both the laboratory and the field have reached steady-state concentrations. Kinetic studies under laboratory conditions have demonstrated that L. variegatus typically reach steady-state concentrations within 28 d [22, 24, 26] . However, based on elimination rates of PCBs determined in situ for E. complanata by Raeside et al. [27] , it is possible that the 21-or 28-d exposures used in the OMOE field studies do not reflect steady-state concentrations in mussels. Therefore, comparison of bioaccumulation between the field and the laboratory in the present study may be confounded by nonsteady-state concentrations in mussels versus steady-state concentrations in L. variegatus. If the measured concentrations in mussels in the present study are corrected to steady-state concentrations using the procedures of Raeside et al. [27] , the disparity in BSAFs between these invertebrate species is typically reduced (data not shown). With these corrections, the laboratory BSAFs are, on average, only 2.8 times higher than those from the field (3.1 if data from site PC are included). Raeside et al. [27] observed that elimination rates varied considerably across their field sites, with maximal differences of 4.9-to 5.5-fold for more highly chlorinated PCB congeners. Therefore, although correction to steady-state concentrations appears to improve the comparability between these species, the uncertainty associated with this approach must be considered when extrapolating the relationships observed by Raeside et al. [27] to other field sites and compounds.
Uncertainty may exist with regard to whether tissue residues in fish also represent steady-state concentrations. Extremely few laboratory studies published in the literature have examined bioaccumulation in fish exposed to sediment. Although 28 d has also been recommended as the duration for bioconcentration tests with fish [28] , it is uncertain whether this duration is sufficient for assessing steady-state in fish when sediment is the source of contaminants. Comparison of bioaccumulation between laboratory-exposed fish and to those from the field can validate this test duration, but this too relies on the assumption that fish collected in the field represent steady-state concentrations. Steady state in the field could be inferred from long-term exposure of the fish, but there is also great potential for growth dilution of contaminants. This may occur if the growth rate is much faster than the rate of contaminant uptake and if exposure is not continuous because of movement into or out of contaminated areas. Further assessment of how representative these laboratory and field measurements in fish are of steady-state tissue residues may improve the ability to make comparisons between these types of studies.
Differences between field and laboratory estimates of bioaccumulation, particularly for comparisons made years apart, could be due to changes in source of contamination. Although only total PCBs and PCDD/Fs were reported in the present study, the congener profiles were compared between past and recent samples of sediment. For the majority of the sites, the percentage contribution of individual congeners matched almost completely. This suggests that no additional sources of these contaminants existed and that environmental weathering has had a negligible impact on the congener patterns between the sampling periods. Differences in bioaccumulation between field and laboratory studies may also be due to species-specific accumulation of various congeners. Evidence for this in the three laboratory-exposed species was not observed for PCBs but was to a certain extent for PCDD/Fs [9] . Data from the field studies indicate that less chlorinated congeners had a higher contribution to total PCBs in mussels than in fish in some sites, and even slight differences for certain congeners were observed between different fish species within a site (data not shown). However, these differences were unlikely to influence the relative comparison of total PCB accumulation between field and laboratory organisms in the present study.
Finally, uncertainty also exists concerning comparison of BSAFs across studies. In the present study, these relative measures of bioaccumulation were used primarily to facilitate comparisons between different fish and invertebrate species across sediments with different concentrations of contaminants and organic carbon (i.e., within a site). This approach relies on the assumption that BSAFs are independent of chemical concentration, organic carbon content, or lipid content [16, 17] . BSAFs have also been used to compare bioaccumulation across different species and sites, which is further based on the assumption that these factors are independent of species, type of sediment, organic carbon, and contaminant. The present study, and work by others, suggests that these assumptions are not always valid [5, 9, 16, [29] [30] [31] [32] . Indeed, it has been shown that different fractions of TOC, black carbon in particular, can enhance sorption and decrease bioavailability of contaminants, especially with planar compounds such as PAHs or PCDD/Fs [33] [34] [35] . However, BSAFs remains very useful for making these relative comparisons of bioaccumulation. To minimize the associated uncertainty, it is important to understand and identify any of the assumptions that are made with respect to these factors and to make comparisons that are appropriate.
CONCLUSIONS
In the present study comparing field and laboratory estimates of bioaccumulation, a priori considerations were necessary because of the temporal discontinuity of the studies. Our approach considered changes in site conditions, sediment concentrations, and contaminant patterns to compare tissue residues or BSAFs between field-and laboratory-exposed organisms. Despite this potential for temporal variability, good agreement was found between tissue residues in fish when concentrations in sediment were similar. For the majority of sites, BSAFs for field-collected and laboratory-exposed fish were usually within a factor of 2. Biota-sediment accumulation factors for L. variegatus in the laboratory were typically greater (by a factor of 2-9) than those for mussels caged in the field, likely because of differences in the routes of exposure between these species. Overall, these laboratory methods generally overestimated the relative bioavailability of contaminants compared with field conditions by a factor of 1.1 to 9.2. Other than the great disparity observed for PCDD/Fs between field and laboratory studies, on average, the laboratory-derived BSAFs with P. promelas and L. variegatus overestimated those from field-collected fish and field-exposed mussels by factors of 1.6 and 3.6, respectively. These laboratory methods reflect a potentially worst-case exposure scenario and thereby provide a conservative estimate of bioaccumulation and bioavailability of contaminants.
The best answers with respect to laboratory and field comparisons of bioaccumulation are achieved on a case-by-case basis, because bioaccumulation is often site specific. Several factors might also contribute to the disparity between estimates and should be identified and considered in these comparisons. The present study indicates that the use of fish and invertebrates in the method allows the laboratory data to be validated best or field verified with the fish comparison, although both the invertebrate and the fish data can be used to fill data gaps for risk assessment and modeling the trophic transfer of contaminants. Evidence suggests that BSAFs are not always independent of contaminant concentration, species, or sediment type, so comparisons across (field or laboratory) studies using different organisms exposed to different sediments or conditions might not be a true reflection of bioaccumulation potential. This further supports the use of laboratory methods with standardized procedures and standard test species, which can be used to help address the issue of comparisons between sites and over time. 
